Polyacrylamide gel electrophoresis techniques performed in constant (CDGE) or gradient (DGGE) denaturing gels that are commonly used to detect DNA mutations were adapted for the detection of mutations directly in dsRNA molecules. The techniques were applied to investigate genomic differences between a highly pathogenic avian reovirus strain (S1133wt) and its cold-adapted non-pathogenic strain (P100) used as a vaccine, in an attempt to identify mutated virulence gene(s) that had led to viral attenuation. Wild and vaccine strains presented identical electrophoretic profiles of their 10-dsRNA genomic segments in standard SDS-PAGE. Under denaturing conditions, migration differences between the two strains were observed in many genes, including M1, M2 and S1, three genes associated with viral pathogenesis. The techniques are fast, simple to perform, and may prove valuable to screen for mutations and polymorphisms in other important dsRNA viruses, such as rotaviruses, birnaviruses and several plant viruses.
INTRODUCTION
Reoviruses, genus Orthoreovirus within the Reoviridae family, are nonenveloped viruses composed of a 10-segmented dsRNA genome enclosed in double concentric icosahedral capsids. The ten unique genomic segments have molecular weights of 2.5 -0.6 x 10 6 and fall into three size classes: large (L1-L3), medium (M1-M3), and small (S1-S4) (Nibert & Schiff 2001) . Ubiquitous in nature, reoviruses infect mammals, birds, reptiles, insects and plants. In humans and other mammals, they have not been definitely associated with a disease; nevertheless they are important pathogens of birds (Jones 2000) . Avian reovirus infections cause a variety of diseases, including 2 VÍRUS REVIEWS & RESEARCH 12, 2007 arthritis/tenosynovitis, a severe condition responsible for considerable economic losses in poultry farming and industry (Jones 2000 , van der Heide 2000 . A highly arthogenic strain, S1133wt, was attenuated to produce commercial vaccines (van der Heide et al. 1983 ) and genomic differences between the virulent and the attenuated strains have been only partially investigated (Gouvea et al. 1983) . They presented identical electrophoretic profiles in standard agarose or polyacrylamide gels despite their enormous biological differences (Gouvea & Schnitzer 1982a , 1982b thus, constituting an excellent research model to study mutations associated with viral attenuation.
The study of mutations in DNA sequences has permitted great progress concerning the precise diagnosis of some diseases and provided great impulse to the study of genetics (Ibarreta et al. 1997 , Lu et al. 2002 . First described by Fischer and Lerman (1979) , denaturing gradient gel electrophoresis (DGGE) and its variations, constant denaturing gel electrophoresis (CDGE) and temperature gradient gel electrophoresis (TGGE), are based on the fact that dsDNA molecules of the same molecular weight, but containing differences in their nucleotide sequences, show distinct behavior with respect to melting temperatures. Thus, these molecules show different mobilities when submitted to partial melting. A mixture of urea and formamide creates this melting environment, which is maintained and controlled by the temperature set of the experiment (Fisher & Lerman 1983 , Gejman et al. 1998 , Gejman & Weinstein 1994 , Myers et al. 1987 ).
Analogous to DNA, dsRNA molecules of similar molecular weights but distinct nucleotide sequences should melt at different temperatures and allow discrimination by DGGE/CDGE. In fact, this has been shown for heterologous RNA-RNA hybrid molecules (Ito & Joklik 1972 , Smith et al. 1986 ) and RNA-DNA heteroduplexes (Takahashi et al. 1990 ), but not for comparison between native, high molecular weight 3
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dsRNA molecules either as single segments or in a multi-segmented system. Our goal in this study was to investigate the possibility, and to establish the conditions of applying DGGE and CDGE techniques to examine mutations directly in dsRNA genomes that might be associated with viral attenuation.
MATERIAL AND METHODS

Viruses, stock preparations and virus RNA extraction.
Avian reovirus strain S1133wt was originally isolated during an outbreak of arthritis/tenosynovitis in Connecticut, USA (van der Heide & Kalbac 1975) . Strain P100, a S1133wt-derived vaccine, was obtained after 235 serial passages in embryonated chicken eggs and 100 additional passages in chicken embryo fibroblast (CEF) cultures, 65 of which were maintained at 32°C (van der Heide et al. 1983 ).
Strains S1133wt (73 rd passage in chorioallantoic membrane) and P100 were originally supplied by Dr. Louis van der Heide, in previous studies, in which they were plaquepurified three times and characterized both in vitro and in vivo (Gouvea & Schnitzer 1982a , Gouvea et al. 1983 ).
Aliquots of each virus stored at -20 o C were inoculated into primary CEF cultures made from 9-day old embryos as previously described (Gouvea & Schnitzer 1982a) . A total of one liter of each viral suspension was produced with titers of 10 7.77 and 10 8.33 TCID 50/0.1mL for S1133wt and P100, respectively. The viral suspensions were submitted to three cycles of freeze-thawing followed by concentration with polyethylene glycol (PEG 6000) and centrifugation at 3,000g for 30 minutes (Lewis & Metcalf 1988) . The pellet was suspended in Tris-Ca (50 mM Tris-HCl, pH 7.4, 4 mM CaCl 2 ) and submitted to ultracentrifugation at 189 000g for 2 hours onto a 35% (w/w) sucrose cushion. The pellet was resuspended in TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA) and 4 VÍRUS REVIEWS & RESEARCH 12, 2007 distributed in 1.5 ml tubes, constituting the virus stock. To obtain purified virus RNA, the preparations were treated with 1% SDS, proteinase K (200 mg/mL) and 2.5 mM EDTA at 60 ºC for 2 hours, and viral RNA was extracted twice with phenol-chloroform, precipitated with ethanol and stored at -20 °C. To avoid degradation, RNA was pelleted, washed with 70% cold ethanol and only suspended in diethylpyrocarbonate (DEPC)-treated sterile water immediately before use.
Isolation of viral dsRNA segments.
In order to make parallel DGGE analysis, individual genomic segments of dsRNA were separated. An aliquot of 10 µl of extracted RNA from each strain was submitted to electrophoresis in 1% agarose gel containing 0.5 mg/mL of ethidium bromide carried out in TAE 1X buffer (40 mM Tris-base, 40 mM acetate, 1 mM EDTA, pH 8.0) at 80V for 6 hours. The dsRNA segments were visualized under UV light, cut out of the gel and placed in 1.5 ml tubes. RNA bands corresponding to the desired genomic segments of each virus were extracted with DNA Bioclean kit (Biotools) according to the manufacturer's protocol.
SDS-PAGE.
To verify the electrophoretic profile of S1133wt and P100 samples, their purified genomes were submitted to regular SDS-PAGE (Laemmli 1970) Two 40% polyacrylamide (39:1 acrylamide:bis-acrylamide) stock solutions in TAE 1X buffer were prepared, one containing 0% (non denaturing) and the other 100% denaturants. A 100% denaturant solution contains 7 M urea and 40% deionized formamide (Myers et al. 1987) . Formamide (100 mL) was deionized by shaking with 5 g of AG501X8 resin (BioRad) for 1h. The solution was then filtered and stored at 4 °C for up to 1 month. Intermediate denaturing solutions were prepared by mixing adequate volumes of those two stock solutions.
The CDGE assays were performed without temperature control in a wide range of denaturing conditions (from 40% to 100%, at 10% increments) in order to gain a general understanding of the behavior of the full set of the 10-segmented genome. They were conducted in 10% polyacrylamide (39:1) mini gels (Mini-V 8 . 10 vertical gel system, Life Technologies). dsRNA was diluted in 2X loading buffer (0.05% bromophenol blue; 0.05% xylene cyanole; 20 mM EDTA, pH 7.5 in 50% glycerol) and loaded onto gels. Electrophoresis was carried out at constant current (50 mA per gel) for 6h in TAE 1X running buffer.
DGGE.
The DGGE experiments were accomplished in a modified Protean II system Silver staining and densitometry.
All acrylamide gels were silver stained as previously described by Hering et al. (1982) . Silver staining is more sensitive than ethidium bromide and is not affected by denaturation of the molecule (Gejman & Weinstein 1994) . The stained gels were inspected by densitometry and the electrophoretic profiles were analyzed in detail using ImageJ (Abramoff et al. 2004 ) free software available on the website http://rsb.info.nih.gov/ij/.
RESULTS
Virus strains S1133wt and P100 presented indistinguishable profiles in SDS-
PAGE as previously reported ( Figure 1A -I) . Even with the aid of densitometry analysis, differences could not be demonstrated ( Figure 1B -I ).
When samples were tested at a wide range of denaturing conditions (40% to 100%) in CDGE gels, differences between the corresponding genes of the two viruses could be detected in most of the gene segments. The most striking differences were found at 60% denaturing CDGE for the middle size gene segments, comprising the M class and the S1 gene segment ( Figure 1A -II and Figure 1B -II). Contrary to their mammalian counterparts, for which reovirus nomenclature was established, the avian reovirus S1 gene characteristically run closer to the M than to the S class (Gouvea & Schnitzer 1982b) . Lower and higher denaturing conditions favored discrimination between the other segments of the S and those of the L classes, and at very high 7 VÍRUS REVIEWS & RESEARCH 12, 2007 denaturing concentrations (above 80%) almost all segments had achieved complete melting (data not shown). The study was then focused on the middle-sized class segments. To further confirm their identities, individually isolated gene segments M1, M2, M3 and S1 of both S1133wt and P100 viruses were submitted to constant temperature DGGE. All the dsRNA bands were found in proximity to the 30% denaturing gel concentration ( Figure   2A ). Distinction between the relative positions of the M1, M2 and S1 genes, but not M3, of the two viruses were evident by densitometry analysis (Figure 2B ). The use of 9 VÍRUS REVIEWS & RESEARCH 12, 2007 the free software ImageJ to screen the gels generated graphs, based on the density of each RNA band and its relative position in the gel, greatly facilitated interpretation of the results.
DISCUSSION
Recent progress in molecular biology has allowed more detailed study of nucleic acid molecules, particularly DNA, leading to the discovery of mutations that may result in different phenotypes among samples with high similarity. In terms of practicality and cost, nucleic acid sequencing is still not indicated as the first technique to be used for searching for differences among nucleic acid sequences when there is a considerable number of samples to be analyzed (Motta et al. 2002) . Several techniques have been developed to search for DNA mutations prior to sequencing, and this approach may reduce the number of samples to be sequenced (Gouvea et al. 1993 , Motta et al. 2006 . Some considerations must be taken into account when adapting a DNA technique to RNA as they have different electrophoretic behavior both under non-denaturing or denaturing conditions (Gast & Sänger 1994) . In addition, large DNA molecules may be cleaved into fragments <1Kb in size that often present the best DGGE results, or may be analyzed by restriction fragment length polymorphism (RFLP) combined with DGGE (Sheffield et al. 1989) . No such tools are available for dsRNA, unless they are converted into cDNA copies by means of RT-PCR and analyzed as DNA molecules, which is the approach most frequently taken (Gouvea et al. 1993 , Motta et al. 2002 . Here, we demonstrated that DGGE and CDGE techniques may be used to screen for mutations or to study polymorphisms directly in segmented dsRNA virus genomes.
Attempts to use perpendicular DGGE indicated reproducibility problems in casting perpendicular gels, and some difficulties in interpreting the resulting bands in 10 VÍRUS REVIEWS & RESEARCH 12, 2007 the multi-segmented system. Therefore, the use of a series of CDGE gels, in which all ten genomic segments are simultaneously submitted to the same denaturing condition, was chosen. This strategy allowed a better approximation to clusters of mutations, as each denaturant concentration corresponds to specific melting domains (Hovig et al. 1991) and several concentrations of denaturants were used to select for the best-suited denaturing concentrations for each group of segments.
The broad range CDGE experiments, even without a temperature control, indicated that most, if not all genomic segments of virulent S1133wt had undergone mutations during serial passages that led to temperature sensitivity and attenuation of the vaccine P100 strain (Gouvea et al. 1983) . In particular, mutations in the M1, M2 and S1 genes of the vaccine strain were clearly and unequivocally demonstrated by CDGE of total viral RNA and DGGE of individual genomic segments, respectively. It is important to note that the best CDGE and DGGE results were accomplished at different denaturing concentrations of 60% and around 30%, respectively. Because CDGE experiments were performed at constant current (50 mA per gel) at room temperature, a higher denaturing concentration was required in order to generate enough heat to partially melt the dsRNA structures, as opposed to the precisely controlled temperature of 60 o C set for the DGGE experiments.
Previous studies on both mammalian and avian reoviruses have pointed to the crucial role of the M1, M2 and S1 genes in viral pathogenesis (Bodelón et al. 2002 , Forrest & Dermody 2003 , Rubin & Fields 1980 , Sharpe & Fields 1981 . S1 is the best studied and the only known polycystronic reovirus genomic segment: bicystronic in mammalian, and tricystronic in avian reoviruses (Bodelón et al. 2001) . It encodes the viral spike σC, responsible for the primary interaction with the host cell (Martínez- Costas et al. 1997 ) and two non-structural proteins, the viroporin p10 (Bodelón et al. REVIEWS & RESEARCH 12, 2007 , Shmulevitz & Duncan 2000 and p17 of yet unknown function in the avian viruses (Costas et al. 2005) . The M class genes are involved in transcription functions and in virus entry into the host cell (Nibert & Schiff 2001 ). The differences visualized by CDGE/DGGE might be related to the temperature-sensitive (ts) phenotype of P100, as ts phenotypes of mammalian reovirus were mapped to the M2 gene (Rubin & Fields 1980) . Mammalian, and more recently avian, reoviruses have proved excellent study models in virology (Shmulevitz & Duncan 2000 , Shmulevitz et al. 2002 . CDGE experiments are simple and fast to perform, demonstrating good sensitivity. Recent results (Naveca 2006) confirmed that the conditions reported in this study allowed detection of very few nucleotide differences between the two virus strains in the M1 gene (11/2283 or 0.5%), M2 (23/2158 or 1%), or S1 (11/1643 or 0.7%) gene segments.
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Thus, used as a screening method to search for mutations in dsRNA viruses, CDGE may facilitate epidemiologic studies with related viruses such as the rotaviruses, or in plant virology. To date, 25 genera distributed within seven families of dsRNA viruses have been described (Fauquet et al. 2005) , for which a methodology directly applicable to their genomes might be of interest.
